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EFFECTS OF SPANWISE VARIATION OF W I N G E D G E  SWEEP ON THE 

LIFT, DRAG, AND PITCHING MOMENT O F  A WINGBODY 

COMBINATION AT MACH NUMl3EBS FROM 0.7 TO 2.94 

By Raymond M. Hicks and Edward J. Hopkins 

Ames Research Center 
Moffett Field,  C a l i f .  

SUMMARY 

L i f t ,  drag, and pitching-moment charac te r i s t ics  of four wing-body 
combinations a re  presented. Two of t he  wings were used fo r  reference and had 
s t r a igh t  leading edges, one of t r iangular  plan form and the other of trapezoi- 
da l  plan form. The other t w o  wings were modifications of t he  reference plan 
forms.  The modified t rapezoidal  plan f o r m  had a gradual reduction i n  sweep 
from a highly swept inboard portion of t he  span t o  a moderate sweep a t  the  t i p  
The modified t r iangular  plan form had high sweep over the  inboard portion of 
t he  span, moderate sweep near t he  center of t he  span, and high sweep a t  the  
t i p ,  thereby forming an ogee plan form. All wings had the  same trail ing-edge 
sweep, thickness r a t i o ,  exposed area, exposed span, and, hence, exposed aspect 
r a t i o .  The wings were mounted a l t e rna te ly  on a cy l indr ica l  body and were suf- 
f i c i e n t l y  far a f t  t o  be out of the  region of pressure gradients emanating from 
the  Sears-Back nose. R e s u l t s  of t h i s  invest igat ion a re  presented throughout 
a Mach number range from 0.7 t o  2.94 at a constant un i t  Reynolds number of 
2.5 m i l l i o n  per foo t .  
predicted values f o r  t he  plan forms with s t r a igh t  leading edges. 

Experimental forces and moments are compared with the  

The maxi" l i f t - d r a g  r a t i o s  of t he  various wings a re  compared on the  
bas i s  of an a l l - tu rbulen t  boundary layer  and zero leading-edge thickness 
throughout t he  Mach nmiber range of the  invest igat ion.  Sublimation p ic tures  
were used t o  adjust  the  basic data  t o  the  condition corresponding t o  an a l l -  
turbulent boundary layer .  

The r e s u l t s  of t h i s  invest igat ion show t h a t  at  a l l  supersonic Mach numbers 
above 1 .4 ,  t he  ogee plan form had the  highest maximum l i f t -d rag  r a t i o ,  but a t  
subsonic Mach numbers the  modified t rapezoidal  plan form had the  highest aero- 
dynamic eff ic iency.  The nonlinear var ia t ion  of pi tching moment with l i f t  
exhibited by the  t rapezoidal  plan form a t  transonic Mach numbers did not occm 
fo r  the  modified t rapezoidal  plan form. 

INTRODUCTION 

According t o  l i n e a r ,  nonviscous, supersonic theory (e .g . ,  r e f s .  1 and 2 ) ,  
t he  most e f f i c i e n t  f l i g h t  a t  supersonic speeds should be real ized by high- 
aspec t - ra t io  arrow w i n g s  with subsonic leading edges. I n  wind-tunnel 



experiments, however, these theo re t i ca l ly  idea l  w i n g s  do not a t t a i n  t h e i r  
predicted high aerodynamic e f f ic ienc ies  because i n  a rea l  viscous f l u i d  t h e  
boundary layer drains toward the wing t i p  and p rec ip i t a t e s  leading-edge-flow 
separation which prevents t he  r ea l i za t ion  of t he  predicted leading-edge t h r u s t  
(see r e f .  3 ) .  
undesirable pitch-up tendencies associated with the  flow separation a t  t h e i r  
wing t i p s .  One method of a l l ev ia t ing  these pitch-up tendencies i s  t o  shorten 
t h e  w i n g  span or reduce the  aspect r a t i o  u n t i l  t he  plan form i s  nearly t r ian-  
gular .  Such a plan-form modification w i l l  l ead  t o  high induced drag and inef- 
f i c i e n t  f l i g h t  a t  subsonic speeds. A possible solut ion t o  the  problem of 
a t t a in ing  e f f i c i e n t  f l i g h t  a t  both subsonic and supersonic speeds involves the  
use of variable-sweep wings whereby the  leading-edge sweep i s  decreased as the  
f l i g h t  speed i s  reduced. This solution has several  basic  disadvantages, 
namely, increased weight, increased complexity, and decreased r e l i a b i l i t y .  

A t  low subsonic speeds high-aspect-ratio arrow wings exhibi t  

The present experimental invest igat ion w a s  undertaken t o  explore the  
poss ib i l i t y  of improving the  aerodynamic cha rac t e r i s t i c s  of low-aspect-ratio 
w i n g s  of f ixed geometry a t  both low and high speeds by varying the  leading-edge 
sweep over t h e  span. To accomplish t h i s  leading-edge sweep var ia t ion  without 
any abrupt changes i n  the  leading edge, two wings with curved leading edges 
were designed and t e s t ed ,  one with an ogee plan form and the  other with a modi- 
f i e d  t rapezoidal  plan form; An average leading-edge sweep fo r  these wings w a s  
chosen s o  t h a t ,  i n  general, t he  combination of t h i s  sweep angle and the  aspect 
r a t i o  would, according t o  reference 4, r e s u l t  i n  a nearly l i nea r  pitching- 
moment curve a t  low speeds. To evaluate the  e f f e c t s  of leading-edge curvature 
on the  l i f t ,  drag, and pitching moments, two other wings with t r iangular  and 
t rapezoidal  plan forms having s t r a igh t  leading edges were a l s o  investigated 
throughout a Mach nwtiber range from 0.7 t o  2.94. 
t o  have the  same exposed aspect r a t i o ,  area, average exposed chord, t r a i l i n g -  
edge sweep, and thickness r a t i o .  Experimental r e s u l t s  fo r  t he  two wings with 
s t r a igh t  leading edges a re  compared with results predicted from l inea r  theory.  

A l l  four wings were designed 

NOTATION 

CD ' 

CD 

cDO 

drag coef f ic ien t  uncorrected t o  zero leading-edge thickness or t o  

drag (measured) an a l l - tu rbulen t  boundary layer ,  
qs 

drag coeff ic ient  corrected t o  zero leading-edge thickness and t o  an 

drag (corrected) a l l - tu rbulen t  boundary layer ,  
cl.s 

drag coeff ic ient  corrected t o  zero leading-edge thickness and t o  an 

drag (corrected) a l l - tu rbulen t  boundary layer ,  
cl.s 

minimum drag coeff ic ient  obtained f r o m  an extrapolation of t he  drag 
due t o  l i f t  curve t o  zero l i f t  coeff ic ient  a f t e r  corrections were 
applied f o r  zero leading-edge thickness and f o r  an a l l - tu rbulen t  
b oundary layer  
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CL 

Cm 

l i f t  l i f t  coef f ic ien t ,  - 
qs 

pitching moment about moment centers  
shown i n  f igure 1 pitching-moment coeff ic ient  , 

qSE 

0 l i f t -curve  slope measured a t  a = 0 - aCL 
aa 

drag-rise fac tor  acD 
acL2 

CL 
CD 

maximum r a t i o  of l i f t  t o  corrected drag, - 

a 

b 

C 

- 
C 

M 

r 

pitching-moment-curve slope measured a t  CL = 0 

angle of a t tack  

wing span 

l o c a l  wing chord fo r  t r iangular  wing 

mean aerodynamic chord of tr iaiigular wing 

Mach number 

f ree-  stream dynamic pressure 

body radius  

free-stream un i t  Reynolds number R 
2 
- 

S 

Y l a t e r a l  distance as defined i n  f igure  1 

wing area of t r iangular  wing including area blanketed by the  body 
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MODEL DESCRIPTION 

The w i n g s  se lected fo r  t h i s  invest igat ion were an ogee wing, a modified 
t rapezoidal  w i n g ,  a triangular wing, and a t rapezoidal  wing. Dimensional data 
for  each of these w i n g s  a r e  shown i n  f igure  1. Photographs of t he  wing-body 
combinations a re  shown i n  f igure  2.  All wings had an exposed aspect r a t i o  of 
2.17, a hexagonal a i r f o i l  section, with a constant thickness of 2 percent of 
t he  l o c a l  chord f rom30- to  70-percent chord, an exposed average chord of 
2.761 inches, a t r a i l i n g  edge swept forward loo, and a span of 6.875 inches. 
Each w i n g  w a s  mounted i n  the  horizontal  plane of symmetry on a body of revolu- 
t i o n  which had a Sears-Haack nose and a cy l ind r i ca l  afterbody. All models were 
constructed of so l id  s t e e l .  

For the  purpose of estimating the  drag associated with the  f i n i t e  leading- 
edge thickness required f o r  wind-tunnel models, t he  following average thick- 
nesses were measured on a profilometer with a magnification of XlOO. 

Wing -ckne s s , i-n . 
Ogee 
Modified t rapezoidal  
Triangular 
Trapezoidal 

0.007 
.007 
.007 
.009 

TEST PROCEDURE 

The tests w e r e  conducted a t  Mach numbers of 0.7, 0.9, 1.0, 1.1, and 1 . 4  i n  
the  Ames 2- by 2-foot transonic wind tunnel  and 1.98 and 2.94 i n  the  Ames 
1- by 3-foot supersonic wind tunnel.  The un i t  Reynolds number w a s  held con- 
s tan t  a t  2.5 million per foot;  therefore  the  Reynolds number based on the  aver- 
age exposed chord w a s  0.58 mill ion fo r  a l l  models. 
of a t tack  - 4 O ,  - 3 O ,  -2', -lo, Oo, lo, 2', 3 O ,  bo, 6O, and 8' a t  each Mach 
number. The f i r s t  pa r t  of t h i s  t e s t  w a s  devoted t o  invest igat ing the  possibi l -  
i t y  of f ix ing  t r a n s i t i o n  a t  the  leading edge of the  wing by one row of three- 
dimensional roughness elements placed about 1/8 inch behind the  leading edge. 
Because of the  high Mach number, low Reynolds number, and small model s ize ,  a 
25-percent increase i n  drag above the  value fo r  an al l - turbulent  boundary layer 
w a s  incurred by use of these elements. The incremental drag due t o  the  rough- 
ness w a s  determined by t e s t i n g  roughness elements several  s izes  la rger  than 
t h a t  necessary t o  f i x  t r ans i t i on .  Because of t he  inherent inaccuracies i n  the  
method, it w a s  believed t h a t  the  resu l t s  of the  test  would be more r e l i a b l e  i f  
the  data were obtained with n a t u r a l  t r ans i t i on .  

Data were taken a t  angles 

I n  order t o  adjust  t he  drag data taken with na tura l  t r a n s i t i o n  t o  condi- 
t i o n s  corresponding t o  an al l - turbulent  boundary layer ,  it i s  necessary t o  
know where t r a n s i t i o n  occurs on the  surfaces.  The locat ion of boundary-layer 
t r a n s i t i o n  w a s  determined by sublimation photographs taken a t  angles of a t tack 
of Oo and 4'. 
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mDUCTION O F  DATA 

Corrections 

The measured a x i a l  force used i n  the  computation of the  drag coef f ic ien ts  
w a s  adjusted so  t h a t  the  base pressure of t he  model w a s  equal t o  the  free-  
stream s t a t i c  pressure.  The angle of a t tack  w a s  corrected f o r  s t ing  and bal-  
ance def lect ions caused by the  normal force and pi tching moment, and CL, CD, 
and Cm were corrected f o r  in te rac t ions  between the  various components of the  
balance. 

A t  an angle of a t tack  of 0' a l l  surfaces had a nearly all- laminar bound- 
a ry  layer .  
angles of a t tack ,  t he  sublimation data  taken a t  
of a t tack  f o r  maximum l i f t -d rag  r a t i o  f o r  a l l  t he  wings) w e r e  used t o  ad jus t  
the  drag data  t o  conditions f o r  an a l l - tu rbulen t  boundary layer. The method 
used fo r  making t h i s  correct ion i s  presented i n  appendix A. 

Since t h i s  w a s  not t y p i c a l  of the  flow conditions a t  the  higher 
a = 4O ( the approximate angle 

To preserve a smooth leading edge free of imperfections which promote 
premature t r a n s i t i o n  loca l ly ,  t he  models were constructed with a s l i g h t  leading- 
edge bluntness.  The wind-tunnel data  must be corrected f o r  the  drag increment 
associated w i t h  t h i s  leading-edge bluntness,  since a fu l l - s i zed  wing w i l l  have 
a much sharper leading edge r e l a t i v e l y  than a model of t h i s  sca le .  The method 
used f o r  making t h i s  correct ion i s  presented i n  appendix B.  

The corrections which were applied f o r  not having an a l l - tu rbulen t  bound- 
a ry  layer  and f o r  zero leading-edge thickness a re  l i s t e d  i n  t a b l e  I. These 
sk in- f r ic t ion  and bluntness drag correct ions were applied only t o  the data  
given i n  the  summary f igures  1 2  and 13. The basic  force data  presented i n  
f igures  3 t o  9 have not been adjusted fo r  these correct ions.  

Accuracy 

The accuracy of the  data l i s t e d  below is based on the  r epea tab i l i t y  and 
known precis ion of the  measuring equipment. 

CL +o .002 

Cm +O .004 

CD +o .0002 

CL +o . 0 5 O  

M +o .01 

R +o . olx106 
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THEORETICAL METHODS O F  ANALYSIS 

L i f t  and Pitching Moments 

Interference ~~ ef fec ts . -  The method of reference 5 ,  which includes t h e  
mutual interference e f f e c t s  between t h e  wing and t h e  body, w a s  used t o  estimate 
t h e  l i f t  and pi tching moments of t he  body i n  conibination with e i t h e r  t h e  t r i a n -  
gular wing or t h e  t rapezoidal  wing. 
wings with curved leading edges f o r  lack of proven theo re t i ca l  methods. The 
adequacy of reference 5 i n  predicting t h e  l i f t  and t h e  pi tching moments of 
wing-body combinations depends d i r ec t ly  on how accurately the  wing alone and 
body alone charac te r i s t ics  can be predicted.  

No similar calculat ions were made fo r  t he  

W i n g  alone.- A t  subsonic speeds each of two d i f fe ren t  methods, t h a t  of 
Lomax ( r e f .  6 )  and that of Weissinger ( r e f .  7 ) ,  w a s  employed t o  estimate t h e  
lift and pitching moments f o r  both t h e  triangular and t rapezoidal  plan forms.  
A t  supersonic speeds the  l i f t  f o r  both of these plan forms w a s  estimated by 
l i n e a r  theory from the  char t s  presented i n  reference 8 f o r  t he  t r iangular  plan 
form and f romthe  char t s  presented i n  reference 9 f o r  t he  t rapezoidal  plan 
form. The aerodynamic centers  a t  supersonic speeds were taken from reference 5. 

Body alone.- The l i f t  and pitching moments f o r  the body were estimated 
throughout t h e  Mach number range from the  slender-body concepts presented i n  
reference 5 .  No viscous cross forces were taken i n t o  account. 

Drag 

Wave drag.- A t  zero l i f t  the  wave drag w a s  calculated by appl icat ion of 
t he  supersonic a rea  ru l e  on a d i g i t a l  computer. For t he  calculat ion,  an 
"equivalent" body of revolution of t he  wing and body w a s  obtained f o r  each 
family of p a r a l l e l  oblique cu t t ing  planes.  
these area d is t r ibu t ions  by an integrat ion process as given by the  Von K&&n 
wave-drag formula for a slender body of revolution as applied by Jones (ref.  10) 
and others fo r  a rb i t r a ry  configurations a t  supersonic speeds. No angle-of- 
a t tack  e f f ec t  on wave drag w a s  considered. 

The wave drag w a s  computed from 

Skin-friction. drag .- A complete descr ipt ion of t he  method used fo r  com- 
puting the  skin-fr ic t ion drag i s  presented i n  appendix A.  
conibination w a s  treated as a f l a t  p l a t e  with no addi t ional  corrections being 
applied for  mutual interference e f f ec t s  between surfaces or fo r  t he  shear layer  
induced by s l igh t  leading-edge bluntness. 

Each wing-body 

Drag due t o  lift.- Since a l l  w i n g s  had sharp leading edges, no leading- 
edge th rus t  would be -expected; therefore ,  t he  drag due t o  l i f t  w a s  assumed t o  
be equal t o  the  l i f t  times the  angle of a t tack .  
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Maximum l i f t - d r a g  r a t io . -  I n  accordance with the  above assumptions a 
parabolic drag polar  w a s  assumed, so t h a t  t he  maximum l i f t - d r a g  r a t i o  fo r  an 
uncambered wing i s  defined as 

RESULTS AND DISCUSSION 

Presentation of Results 

The lift, drag, pi tching moment and drag due t o  l i f t  are presented i n  
figures 3 t o  9, inclusive. '  The maxi" l i f t - d r a g  r a t i o s ,  minimum drag coeffi-  
c ien ts ,  l i f t -curve  slopes,  drag-rise fac tors ,  and pitching-moment curve slopes 
obtained from the  data  of f igures  3 through 9 a re  summarized i n  f igures  10 
through 14.  
drag r a t i o  a re  presented f o r  an al l - turbulent  boundary layer  and zero leading- 
edge bluntness (see appendixes A and B and tab le  I fo r  t he  methods and drag 
increments used fo r  correcting the  data presented i n  f igures  12 and 13 ) .  
predicted values of t he  above parameters fo r  t h e  t r iangular  and t rapezoidal  
wings a re  shown a l s o  on the  summary p lo t s .  

The summary p l o t s  of minimum drag coef f ic ien t  and maximum l i f t -  

The 

Discussion of Experimental R e s u l t s  

The drag polars  and drag-due-to-lift curves generally show a large 
decrease i n  drag near zero angle of a t t ack .  This can be a t t r i bu ted  t o  an 
increased amount of laminar flow over the  upper surface of the  wings as indi- 
cated by the  sublimation photographs shown i n  f igure  15. It was found t h a t  
near t he  angle of a t tack  fo r  maximum l i f t -d rag  r a t i o  ( a  = 4') there  w a s  l i t t l e  
movement of t r ans i t i on  on e i t h e r  the  w i n g s  or t he  body as the  model w a s  pitched 
through a small angle-of-attack range. Hence, t he  drag-due-to-lift curves a t  
the  higher l i f t  coef f ic ien ts  have been extrapolated t o  zero l i f t  coeff ic ient  as 
indicated by the  dashed curves ( f igs .  3(b) through g ( b ) ) ,  
values of minimum drag coeff ic ient  ( C J J ~ )  corrected t o  zero leading-edge thick- 
ness and t o  the condition of an al l - turbulent  boundary layer  are presented i n  
the  swmnary curves ( f i g .  1 2 ) .  These derived values of minimum drag coeff ic ient  
were used t o  obtain the  corrected values of maximum l i f t - d r a g  r a t i o  shown i n  
f igure 13. Polars show dashed extrapolations near zero l i f t  coeff ic ient  corre- 
sponding t o  the  extrapolations shown on the  drag-due-to-lif t  curves ( f ig s .  3(a) 
through g ( a )  ) . 

The corresponding 

A t  subsonic Mach numbers the  modified t rapezoidal  wing had the  highest 
maximum l i f t - d r a g  r a t i o  reaching a maxi" value of 8.4 a t  a Mach number of 0.90 

%hese r e s u l t s  are not modified t o  the  condition of zero leading-edge 
._ 

bluntness and an a l l - tu rbulen t  boundary layer .  
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(see f i g ,  13). 
having the  lowest drag due t o  l i f t  and r e l a t i v e l y  low m i n i m  drag. The ogee 
wing had maximm l i f t - d r a g  r a t i o s  only s l i g h t l y  below those fo r  t he  modified 
t rapezoidalwing at  these Mach numbers. A t  Mach rimers of 1.0, 1.1, and 1 .4  
t h e  ogee and the  modified t rapezoidal  wings had higher maximum l i f t -d rag  r a t i o s  
than e i the r  t he  triangular or t rapezoidal  wings. The decrease i n  maximum l i f t -  
drag r a t i o  with Mach number w a s  less f o r  t he  ogee wing than the  other wings as 
the  Mach number w a s  increased above 1.4. This resu l ted  i n  a maximwn l i f t - d r a g  
r a t i o  which w a s  about 0.3 higher than f o r  any other wings t e s t ed  a t  a Mach 
number of 2.94 (see f i g .  13). 
t o  the  unexplained lower rminimum drag coef f ic ien t  f o r  t he  ogee wing, 

This r e s u l t  i s  t raceable  t o  t h e  modified t rapezoidal  wing 

The higher maximm l i f t - d r a g  r a t i o  i s  a t t r i bu ted  

The range of t h e  aerodynamic center movement ( i n  percent of t he  mean 
aerodynamic chord of t h e  triangular wing) with Mach number w a s  approximately 
the  same fo r  t he  t r iangular ,  ogee, and modified t rapezoidal  wings. The trape- 
zoidal wing (see f i g .  14) exhibited the  l a rges t  s h i f t  i n  aerodynamic center a t  
transonic speeds. It i s  in te res t ing  t o  note t h a t  t h i s  la rge  s h i f t  w a s  reduced 
by the  increased sweep of t h e  leading-edge extension near the  root of t he  modi- 
f i e d  t rapezoidal  wing. 
tended t o  eliminate t h e  nonlinear character of t h e  pitching-moment curves of 
t h e  t rapezoidal  wing a t  transonic Mach numbers (see f i g s .  3(a) through 6 ( a ) ) ,  

This leading-edge extension near t he  wing root a l s o  

Compar i s on With The or y 

A t  subsonic and transonic speeds the  Weissinger-Nielsen method gave the  
bes t  estimate of l i f t -curve  slope, drag due t o  lift, maximum l i f t -d rag  r a t i o ,  
and pitching-moment curve slope f o r  t he  t rapezoidal  wing, whereas the  Lomax- 
Nielsen method gave the  best  estimate f o r  t he  triangular wing (see f i g s .  10(b) ,  
l l ( b ) ,  13(b) , and 1 4 ( b ) ) ,  

A t  supersonic speeds the  Eichelbrenner-Nielsen method showed good agree- 
ment with experiment f o r  t he  t r iangular  wing whereas the  Lagerstrom-Nielsen 
method showed good agreement with experiment f o r  t he  t rapezoidal  wing (see 
f i g s .  10(b),  l l ( b ) ,  l3(b) ,  and 14 (b ) ) .  

The agreement between the  experimental drag due t o  lift and the  reciprocal  
of t he  experimental l i f t -curve  slope i s  b e t t e r  f o r  t he  plan forms with curved 
leading edges than f o r  those with s t ra ight  leading edges as shown i n  f igure 11. 

A t  subsonic Mach numbers the  predicted values of minimum drag coef f ic ien t  
agreed very wel l  with those from experiment fo r  t he  t r iangular  and ogee wings 
(see f i g .  12). 
experimental values f o r  t he  modified t rapezoidal  wing and considerably lower 
than experiment fo r  t he  t rapezoidal  wing. It i s  possible that pa r t  of t h i s  
disagreement between experiment and theory can be a t t r i bu ted  t o  compressibil i ty 
e f f ec t s .  A t  M = 1.0 predicted values were higher than experimental values f o r  
a l l  wings as a r e s u l t  of t he  extremely high theo re t i ca l  values of wave drag. 
A t  a Mach number of 2.94 the  theo re t i ca l  values of minimum drag coef f ic ien t  
were l e s s  than the  experimental values except fo r  t he  ogee wing which had the  

However, t he  predicted values were s l i gh t ly  lower than the  
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lowest measured drag. Because of a less e f f i c i en t  surface a rea  d is t r ibu t ion  
the  predicted value of 
than t h a t  fo r  the  t r iangular  wing a t  
same average chords. 

C D ~  f o r  t he  trapezoidal wing i s  about 5 percent higher 
M = 2.94 even though both wings have the  

SUMMARY OF RESULTS 

Experimental measurements and some theo re t i ca l  estimates have been made of 
the  l i f t ,  drag, and pitching-moment charac te r i s t ics  of four wing-body corribina- 
t i ons  over a Mach number range from 0.7 t o  2.94. 
area,  and thickness-to-chord r a t i o  had an aspect r a t i o  of 2.17 and included 
t r iangular ,  ogee, trapezoidal,  and modified trapezoidal plan forms. 

The four wings of equal span, 

This invest igat ion has shown t h a t  s m a l l  gains i n  the  aerodynamic effi-  
ciency of a t r iangular  w i n g  and a t rapezoidal  wing can be a t ta ined  throughout 
a Mach number range from 0.7 t o  2.94 by the  use of spanwise var ia t ion  of 
leading- edge sweep. 

A t  subsonic and low supersonic Mach nwribers the  nonlinearity of the  
pitching-moment curve exhibited by the  trapezoidal wing w a s  eliminated by the  
increased sweep of t he  leading edge near the  root of t he  modified t rapezoidal  
wing. 

The theo re t i ca l  Lomax-Nielsen method gave a 'better predict ion of t he  
aerodynamic charac te r i s t ics  of t he  t r iangular  wing than the  Weissinger-Nielsen 
method at  subsonic Mach numbers whereas the  opposite w a s  t r u e  f o r  t he  trape- 
zoidal w i n g .  I n  general, t he  maximum l i f t -d rag  r a t i o  of t h e  t r iangular  and 
t rapezoidal  wings w a s  adequately predicted a t  supersonic Mach numbers. A t  a 
Mach number of 2.94 the  theo re t i ca l  minimum drag coef f ic ien ts  were lower than 
the  experimental values except for  t he  ogee wing which had the  lowest drag. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Cal i f , ,  Jan. 8, 1964 
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APPENDIX A 

SKIN-FRICTION DRAG CALCULATIONS 

A s  pointed out i n  T e s t  Procedure, no boundary-layer t r i p  w a s  employed 
because of t h e  la rge  drag increment which would r e s u l t  pa r t i cu la r ly  a t  the  high 
Mach numbers. Instead the  drag data obtained with natural  t r a n s i t i o n  were 
corrected t o  conditions corresponding t o  those i n  which an a l l - tu rbulen t  bound- 
a r y  layer  occurred a t  t h e  wind-tunnel Reynolds number.’ 
making t h i s  correct ion i s  presented below. 
t r a n s i t i o n  occurred, sublimation photographs were taken throughout t he  t e s t  
Mach nwriber range of a l l  model surfaces with the  model a t  an angle of a t tack  of 
bo, the  approxhate  angle of a t tack  f o r  maxh” l i f t - to -drag  r a t i o .  
photographs f o r  each model a t  a Mach number of 2.94 are presented i n  f igure 16. 
The first s tep  i n  the  calculat ions w a s  that of measuring the  amount of chord- 
wise laminar flow a t  several  spanwise s t a t ions  on each model. I n  general, 
measurements were made a t  5 t o  10 spanwise s ta t ions ,  depending upon the  com- 
p lex i ty  of t he  flow pat tern.  To determine t h e  skin f r i c t i o n  a t  each spanwise 
s t a t ion  where t h e  boundary layer  w a s  both laminar and turbulent ,  t he  measured 
distance fo r  laminar f l o w  w a s  transformed i n t o  an equivalent distance f o r  
turbulent flow. This equivalent distance i s  shown as xv i n  the  sketch. 

The method used f o r  
To es tab l i sh  where boundary-layer 

Typical 

Jus t i f i ca t ion  f o r  using xv 
i n  the  boundary layer  at  point A associated with the  laminar boundary layer  
ahead of point A can be considered t o  be the  same as those fo r  a turbulent 
boundary layer  ac t ing  over a shorter distance,  xv, ahead of point A ,  This 
distance t o  the  v i r t u a l  or ig in  of turbulent flow w a s  found by equating the  tur- 
bulent sk in- f r ic t ion  drag given by Von K&&n’s power function equation i n  
reference 11 t o  the  laminar sk in- f r ic t ion  drag given by the  Blasius equation, 
both equations being corrected for  compressibility e f f ec t s .  This equivalence 
equation can be wr i t ten  as 

i n  the  calculat ions i s  t h a t  t he  momentum losses  

’Only t h e  maximum l i f t - d r a g  r a t i o s  and the  minimum drag coef f ic ien ts  
presented i n  f igures  12 and 13 have been corrected i n  t h i s  manner, 
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when the  compressibility f ac to r s  were approximated f o r  an adiabatic f la t  p la te  
as 

from reference 12 1 
0 467 

and 

from reference 13 1 - 
0.12 (%).Ism - (1 + 0 .1303M2) 

(A3 1 

Subst i tut ing equations (A2) and (A3)  i n  equation (Al) and solving for  
obtain 

xv, we 

xv = 

0.467 S 1 7 . 9 3 2 J G  (1 + 0.2M2) c ( R / ' L ) O a 3  (1 + 0.1305M2) 
0.12 

.25 

This length,  xv, w a s  then added t o  t h a t  measured f o r  turbulent flow, XTurb 
estimate the  t o t a l  skin f r i c t i o n  a t  each spanwise s t a t ion .  The equivalent tur- 
bulent skin f r i c t i o n  w a s  then calculated by the  more exact logarithmic equation 
of Schlichting ( ref .  1 4 ) ,  corrected f o r  compressibility by the  more exact 
temperature-reference method of reference 15. This equation i s  

t o  

where 

and 
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f o r  an adiabat ic  f l a t  p l a t e  with an assumed turbulent  recovery fac tor  of 
0.882. Finally,  upon integrat ion of t he  equivalent turbulent  skin-fr ic t ion 
coef f ic ien ts  given by equation (A?) across t h e  exposed wing span, we obtain 
the sk in- f r ic t ion  drag coeff ic ient  based on a reference area 

I 

where 

( Cav )Exp average chord of exposed area 

dimensionle s s spanwise d i f f e r e n t i a l  element 
d(b,;P) 

A similar analysis  a l s o  w a s  performed on the  body t o  calculate  i t s  contribution 
t o  the  sk in- f r ic t ion  drag. 
dimensional e f f e c t s  on the  body-nose and the  wing'body juncture. 
putations fo r  the  a l l - tu rbulen t  boundary layer ,  equation (A7)  w a s  used with 
xv = 0 and XrjIurb = c .  The increment of drag coef f ic ien t  added t o  each measured 
drag coeff ic ient  ( t r ans i t i on  f r e e )  t o  adjust  t he  drag data t o  conditions corre- 
sponding t o  an a l l - tu rbulen t  boundary layer  i s  

No addi t ional  corrections were applied f o r  three- 
I n  the  com- 
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APPEXDIX B 

DRAG DUE TO L;EADINGEDGE THICKNESS 

The method developed herein i s  applicable only t o  a supersonic leading 
edge. 
w a s  made; however, theory predic t s  a leading-edge th rus t  force which does not 
usually occur i n  a r e a l  f l u i d .  

With the  leading edge subsonic, no correction f o r  leading-edge thickness 

For a cyl indr ica l  leading edge (see sketch) with zero sweep (A = 0) the  

Z 

pressure coeff ic ient  i s  

CP = CYmx cos2 cp 

where 

cp angle measured from the  stagnation point ( z  = 0 )  , radians 

pressure coeff ic ient  a t  the  stagnation point 
cPmX 

The drag coeff ic ient  fo r  a d i f f e r e n t i a l  length of leading edge based on 
the  leading-edge thickness t i s  

where 

t 
2 dz = - COS Cp dCp 



11111111111l1I1l IIIII I 

hence , 

2 - -  
3 cpmax 

- 

To f ind the  drag coeff ic ient  fo r  t he  e n t i r e  leading edge based on the  wing area 
S multiply CQ by (tL/S); t h a t  i s  

where L i s  the  length of t h e  leading edge with constant thickness,  t .  Now 

Cpmx 
edge; that i s ,  

i s  the  pressure coeff ic ient  behind a detached shock wave a t  the  leading 

where Pt2 i s  the  stagnation pressure at  the  leading edge and P, i s  the  free- 
stream s t a t i c  pressure.  
detached shock wave d i r ec t ly  i n  f ront  of t he  leading edge i s  normal, ChX can 
be found from supersonic flow t ab le s  ( r e f .  16) as 

If it i s  assumed t h a t  t h e  small port ion of t he  

where 

t o t a l  pressure ahead of t he  normal shock wave 

t o t a l  pressure behind the  normal shock wave 

p t  1 

pt2 

PaJ free-stream s t a t i c  pressure 

free-stream dynamic pressure q, 

If the  leading edge makes an angle of A with the  d i rec t ion  of flow, the  
dynamic pressure forces  act ing on the  leading edge correspond t o  the  veloci ty  
component normal t o  the  edge; hence, 
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Now the  drag coeff ic ient  due t o  bluntness on a swept leading edge i s  the  
component of CDnormal p a r a l l e l  t o  t he  d i rec t ion  of flow. Therefore, 

CDA = CDA=o COS3 A 

and or for wings with s t r a igh t  leading edges, L cos A = bExp 

For wings with curved leading edges, equation (€38) must be integrated 
along the  span from t he  wing root t o  the  wing t i p ;  

Y 

that i s ,  

where the  1ocal.leading-edge sweep angle 

Az = c o t - ’ %  

and 
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TABLE I.- SKIN-FRICTION AND BLUNTNESS-DRAG CORREXTIONS 

0.7 
.9 

1.0 
1.1 
1.4 
1.98 
2.94 

Triangular wing I 

0.0032 
* 0033 
.0034 
.0036 
-0039 
.0027 
.0027 

(cD)due t o  
leading edge 
blunt ne s s 

0 
0 
0 
0 
0 

,0007 
.0007 

Modified t rapezoidal  wing I 

1.98 

.0030 
,0032 
moo33 
,0037 
.0042 
.0034 
.0030 

0 
0 
0 
0 
. 0010 
.0012 
.0012 

M 

0.7 
-9 

1 .o 
1.1 
1.4 
1.98 
2.94 

.7 
-9 

1.0 
1.1 
1.4 

2.94 
1.98 

Trapezoidal wing 

( CDSf) m b  

-(cDsf)Iam + 

Turb 

0.0036 

.0051 
,0058 
.0038 
,0033 

.0040 

.0044 

. -  

(cD)due t o  
leading edge 
bluntness 

0 
0 
0 

.0021 

.0024 

.0027 

.0028 

Ogee wing 

.0025 

.0028 

.0028 

.0031 

,0028 
-0037 

.0024 
.. 

- .  

0 
0 
0 
0 

.0003 

.0006 
,0007 
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r = ro 

Comon areas 

Exposed wing area = 16.566 in.' 
4 '4.288 

(a) Ogee wing. 

Figure 1. - Model dimensions. 
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(b) Modified trapezoidal wing 

Figure 1.- Continued. 



-6.327 c 

5 *522 - 
E = 4.218 

0.30~-0.70~ hexagonal section- 
parallel to stream direction 
maximum thickness = .02c 

. 4.28- 

(c) Triangular wing. 

Figure 1.- Continued. 
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(d)  Trapezoidal wing. 

Figure 1. - Concluded. 



A-31516 
(a) Ogee wing. 

A-31513 
(b) Modified t rapezoidal  wing. 

Figure 2.- Wing-body combinations i n  the  Ames 2- by 2-foot wind tunnel. 



A-31 51 5 

( c )  Triangular wing. 

A-31514 (a) Trapezoidal wing. 

Figure 2.- Concluded. 
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Figure 3.- Comparison of l i f t ,  drag, pitching moment, and drag due t o  l i f t  fo r  the ogee, modified 
trapezoidal, tr iangular,  and trapezoidal wings; M = 0.70. 
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Figure 3. - Concluded. 
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Figure 4.- Comparison of l i f t ,  drag, pitching moment, and drag due t o  l i f t  fo r  the ogee, modified 
trapezoidal, tr iangular,  and trapezoidal wings; M = 0.90. 



Figure 4.- Concluded. 
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Figu_re 5.- Comparison of l i f t ,  drag, pitching moment, and drag due t o  l i f t  for the ogee, modified 
trapezoidal, tr iangular,  and trapezoidal wings; M = 1.00. 
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Figure 5.- Concluded. 
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Figure 9.-  Comparison of l i f t ,  drag, pitching moment, and drag due t o  lift for  the ogee, modified 
trapezoidal, tr iangular,  and trapezoidal wings; M = 2.94. 
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Figure 9.- Concluded. 
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( a )  Modified t rapezoidal  and ogee wings. 

Figure 10.- Lift-curve slope as a function of Mach number. 
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(b) Trapezoidal and triangular wings. 

Figure 10.- Concluded. 

40 



0 
0 .4 

.8 

.6 

acD .4 acL2 

.2 

0 

.8 

.6 

acD .4 acL2 

.2 
4 li: 

.8 2.0 2.4 2.8 3.2 

( a )  Modified t rapezoidal  and ogee wings. 

Figure 11.- Drag-rise fac tor  as a f7mction o f  Mach number. 
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(b) Trapezoidal and triangular wings. 

Figure 11. - Concluded. 

42 



I" 

.020 

.016 

cDo .012 

.008 
-= 

0 

.020 

.016 

.012 

.om 
C 

.4 

-_ 
4 ! ' -- 

. 
2 

- i 

. . 

A Experiment 
---- Theory E 

-. 

- 

.8 1.2 1.6 
M 

2.0 2.4 

( a )  Modified trapezoidal and ogee wings. 
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figure 12.- Minimum drag coeff ic ient  as a f'unction of  Mach number. 
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(b) Trapezoidal and triangular wings. 

Figure 12.- Concluded. 
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(a) Modified trapezoidal and ogee wings. 

13.- Maximum lift-drag ratio as a function of Mach number. 
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(b) Trapezoidal and triangular wings. 

Figure 13.- Concluded. 
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(a) Modified trapezoidal and ogee wings. 

Figure 14.- Pitching-moment curve slope as a f’unction of Mach number. 
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( b )  Trapezoidal and t r iangular  wings (. 

Figure 14.- Concluded. 
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0 (a)  a = o , upper surface.  

0 (b) a = 4 , upper surface.  

Figure 15.- Typical sublimation photographs showing more laminar flow a t  
a = 0'; M = 1.98. 
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(a) Ogee wing, Q: = k " ,  upper surface. 

(b) Ogee wing, a = k " ,  lower surface. 

Figure 16.- Typical sublimination photographs used in calculation of 
skin-friction coefficient; M = 2.94. 
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(c) Modified trapezoidal wing, a = b o ,  upper surface. 

(d) Modified trapezoidal wing, a! = 4 O ,  lower surface. 

Figure 16.- Continued. 



(e) Trapezoidal wing, a = bo,  upper surface. 

( f) Trapezoidal wing, a = 4", lower surface. 

Figure 16.- Continued. 



( g )  Triangular wing, a = bo, upper surface-  

( h )  Triangular wing, a = bo, lower sur face .  

Figure 16.- Concluded. 

' NASA-Langley, 1964 A-783 53 





“The National Aeronautics and Space Administration . . . shall . . . 
provide for the widest practical appropriate dissemination of information 
concerning its activities and the results thereof . . . objectives being the 
expansion of human knowledge of phcnomcna in the atmosphere and space.” 

-NAT~ONAL AERONAUTICS A N D  SPACE ACT OP 1958 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: 
important, complete, and a lasting contribution to existing knowledge. 

TECHNICAL NOTES: 
of importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distri- 
bution because of preliminary data, security classification, or other reasons. 

CONTRACTOR REPORTS: Technical information generated in con- 
nection with a NASA contract or grant and released under NASA auspices. 

TECHNICAL TRANSLATIONS Information published in a foreign 
language considered to merit NASA distribution in English. 

TECHNICAL REPRINTS: Information derived from NASA activities 
and initially published in the form of journal articles or meeting papers. 

SPECIAL PUBLICATIONS: Information derived from or of value to 
NASA activities but not necessarily reporting the results of individual 
NASA-programmed scientific efforts. Publications include conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 

Scientific and technical information considered 

Information less broad in scope but nevertheless 

Details on the availabil i ty of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. 20546 


